Abstract. Cancer-induced bone pain can severely compromise the life quality of patients, while tolerance limits the use of opioids in the treatment of cancer pain. Monocyte chemoattractant protein-1 (MCP-1) is known to contribute to neuropathic pain. However, the role of spinal MCP-1 in the development of morphine tolerance in patients with cancer-induced bone pain remains unclear. The aim of the present study was to investigate the role of spinal MCP-1 in morphine tolerance in bone cancer pain rats (MTBP rats). Bone cancer pain was induced by intramedullary injection of Walker 256 cells into the tibia of the rats, while morphine tolerance was induced by continuous intrathecal injection of morphine over a period of 9 days. In addition, anti-MCP-1 antibodies were intrathecally injected to rats in various groups in order to investigate the association of MCP-1 with mechanical and heat hyperalgesia using the paw withdrawal threshold (PWT) and thermal withdrawal latency (TWL) tests, respectively. Furthermore, MCP-1 and CCR2 expression levels were measured using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis, and CCR2 expression levels were measured using RT-qPCR. The results indicated that MCP-1 and CCR2 expression levels were significantly increased in the spinal cord of MTBP rats. Intrathecal administration of anti-MCP-1 neutralizing antibodies was observed to attenuate the mechanical and thermal allodynia in MTBP rats. Therefore, the upregulation of spinal MCP-1 and CCR2 expression levels may contribute to the development of mechanical allodynia in MTBP rats. In conclusion, MCP-1/CCR2 signaling may serve a crucial role in morphine tolerance development in rats suffering from cancer-induced bone pain.
Introduction
Pain is a common and debilitating complication associated with cancer, and severely compromises the life quality of cancer patients (1) . The most common source of pain is caused by the invasion of cancer cells into the bone (2) . Cancer-induced bone pain involves a complex interaction of various molecular events, and combines inflammatory and neuropathic pain (3) . Although opioids are presently commonly used for the treatment of cancer-induced bone pain, prolonged or high-dose opioid treatment often results in the development of tolerance and even hyperalgesia (4, 5) . Therefore, it is important to understand the underlying mechanisms of morphine tolerance in patients with cancer-induced pain. It has been reported that morphine tolerance and neuropathic pain share a similar cellular mechanism that is responsible for increased sensitivity to pain (6) , and the activation of microglia-mediated formation contributes to morphine tolerance (7) . Developing a novel strategy for reducing morphine tolerance may be valuable for the treatment of cancer-induced bone pain.
Accumulating evidence has indicated that the monocyte chemoattractant protein-1 (MCP-1) chemokine contributes to the activation of spinal microglia during pathological pain, and that along with its receptor, C-C chemokine receptor type 2 (CCR2), it serves an important role in bone cancer-induced hyperalgesia (8, 9) . In addition, it has been reported that MCP-1 expression increased in the spinal cord in animal models of neuropathic pain induced by peripheral nerve injury (chronic constriction injury) (10), spinal nerve ligation (11) and spinal cord contusion injuries (12) (13) (14) . The role of MCP-1 in neuropathic pain has been further supported by several studies, showing that intrathecal injection of anti-MCP-1 neutralizing antibodies alleviated neuropathic pain induced by nerve injury (11, 15) and surgical incision (16) . Furthermore, CCR2 knockout mice failed to develop mechanical allodynia (17) , suggesting that CCR2 receptors are important for the development of neuropathic pain. However, it remains to be determined whether spinal MCP-1 contributes to the development of morphine tolerance in patients suffering with cancer-induced bone pain.
In the present study, the expression levels of MCP-1 and CCR2 in the spinal cord were investigated in a model of Monocyte chemoattractant protein-1 contributes to morphine tolerance in rats with cancer-induced bone pain morphine tolerance in bone cancer pain rats (MTBP rats). The current study aimed to examine whether spinal MCP-1 is involved in morphine tolerance development in rats suffering from cancer-induced bone pain.
Materials and methods
Animals. The present study was approved by the Animal Care and Use Committee of Shandong University (Jinan, China). Experiments were performed according to the Guidelines of the International Association for the Study of Pain (18) . Adult female Sprague-Dawley rats (n=72; weight, 150-180 g) were purchased from the Experimental Animal Center of the Chinese Academy of Medical Sciences (Beijing, China). The animals were housed at room temperature (22-24˚C) with 40-60% relative humidity and a 12/12-h light-dark cycle. Food and water were provided ad libitum to the animals.
A total of 24 rats were randomly divided into four groups (n=6 per group), as follows: Sham control (S group), morphine tolerance (M group), bone cancer pain (B group), and morphine tolerance and bone cancer pain (BM group). The intrathecal injection experiments involved the use of 48 rats were randomly divided into 6 groups (n=8 per group), as follows: Bone cancer pain (B group), morphine tolerance and bone cancer pain (BM group), intrathecal administration of anti-MCP-1 antibody in morphine tolerance and bone cancer pain (BM+Ab group), intrathecal administration of control IgG in morphine tolerance and bone cancer pain (BM+ IgG group), intrathecal administration of anti-MCP-1 antibody in bone cancer pain (B+Ab group), intrathecal administration of control IgG in bone cancer pain (B+IgG group).
MTBP rat model. Walker 256 mammary gland carcinoma cells (The Chinese Academy of Medical Sciences, Beijing, China). were prepared as previously described (19) (20) (21) . Briefly, cells were collected from ascites of rats when ascites became obvious and diluted to a density of 2x10 7 cells/ml. Rats in the four groups were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). Next, an animal model of bone cancer pain were established by injecting 10 µl Hank's balanced salt solution (Sigma-Aldrich) containing 1x10 5 Walker 256 cells into the tibial bone marrow cavity of the rats. Sham rats were treated by injection of 10 µl Hank's balanced salt solution into the bone cavity of the left tibia. Morphine tolerance was also induced by continuous intrathecal injection of morphine (20 µg/kg, twice a day; Sigma-Aldrich) between days 9 and 18 after cell injection, thus establishing the MTBP rat model. In the sham control group, the same volume of normal saline was intrathecally injected. All rats were sacrificed on day 18 after the initial injection.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted after sacrifice from the spinal cord (L4-L6) using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) as previously described (19, 22) . RNA was reverse transcribed into cDNA using a reverse transcription kit (cat no. 4368814; Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. qPCR was performed as previously described (23) , using an Applied Biosystems 7500 sequence detection system (Thermo Fisher Scientific, Inc.). The reaction was performed in a final mixture volume of 50 µl [annealing buffer: KCl (250 mM), Tris (10 mM; pH 8.3), EDTA (1 mM); cDNA buffer: Tris (48 mM; pH 8.3), MgCl 2 (32 mM); cDNA synthesis mix: 1.25 µl DTT (100 mM), 1 µl RNAse Block (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA) or other RNAsin (1.25 mM), 5µl dNTPs, 0.25µl M-MuLV reverse transcriptase], containing 2 µl of cDNA. The following primers were used: MCP-1 (NM_031530) (19), 5'-AGC ACC TTT GAA TGT GAA CT-3' (forward) and 5'-AGA AGT GCT TGA GGTG-GTT-3' (reverse); CCR2 (NM_021866) (3), 5'-CGC AGA GTT-GAC AAG TTG TG-3' (forward) and 5'-GCC ATG GAT GAA CTG AGG TA-3' (reverse); β-actin (NM_031144), 5'-CCC TGT GCT GCT CAC CGA-3' (forward) and 5'-ACA GTG TGG GTG ACC CCG TC-3' (reverse). Data analyses were run with the PCR system software. The data were collected and analyzed using the comparative cycle threshold (ΔΔCq) method (24) . Relative expression levels of MCP-1 and CCR2 were normalized to the expression of β-actin (25) .
Western blot analysis.
The spinal cord (L4-L6) of rats was removed after sacrifice, and the tissue was homogenized in lysis buffer (cat no. 38733; Sigma-Aldrich) containing phenylmethylsulfonyl fluoride and 0.02% protease inhibitor cocktail. Equivalent amounts of protein (30 µg) were separated using 10% SDS-PAGE, and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with 5% nonfat milk for 1 h at room temperature, and then incubated with primary antibodies against MCP-1 (cat no. AF-479-NA; goat anti-rat; dilution, 1:3,000; R&D Systems, Inc., Minneapolis, MN, USA) or β-actin (cat no. A5441; goat anti-rat polyclonal; dilution, 1:10,000; Sigma-Aldrich) overnight at 4˚C. Subsequently, the membranes were incubated with horseradish peroxidase-conjugated rabbit anti-goat secondary antibody IgG (cat no. sc-2771; dilution, 1:5,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at 25˚C. The bands were then visualized using an enhanced chemiluminescence kit (cat no. KC-430; Kangchen Biotech, Shanghai, China). Results were quantified using TotalLab Quant (version 11.5; NatureGene Corp, Medford, NJ, USA).
Intrathecal injection for determination of MCP-1 association with hyperalgesia.
Intrathecal injection of morphine (in groups BM, BM+Ab and BM+IgG) or antibodies (in groups BM+Ab and B+Ab on day 15 after inoculation of Walker 256 cells) was performed as described previously (26) , in order to determine whether MCP-1 was associated with hyperalgesia in MTBP rats. Briefly, rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (40 mg/kg), and an intrathecal catheter (PE-10 tube) was inserted into the L4 and L5 intervertebral space. Subsequently, morphine (20 µg/kg, twice a day), anti-MCP-1 neutralizing antibody (10 µg; R&D Systems, Inc.) or control goat IgG (10 µg; Santa Cruz Biotechnology, Inc.) was injected intrathecally at a total volume of 10 µl. The MCP-1 association with hyperalgesia was then investigated with the paw withdrawal threshold (PWT) and thermal withdrawal latency (TWL) tests.
PWT test. Mechanical allodynia was measured using Von Frey filaments (Stoelting Co., Wood Dale, IL, USA) as previously described (20, 21) before cell injection and 3, 6, 9, 12, 15 and 18 days after cell injection. Briefly, the animals were placed in individual plastic boxes (20x25x15 cm) with a metal mesh floor and allowed to acclimatize for 30 min. Next, the PWT test was performed by stimulating the plantar surface with the Von Frey filaments, and these were held for 6-8 sec. Brisk withdrawal or paw flinching were considered as positive responses. PWT was assessed according to the 'up-and-down' method (27) .
TWL test.
Heat hypersensitivity was examined using a plantar tester (type 7370; UgoBasile, Varese, Italy), as previously described (28) before cell injection and 3, 6, 9, 12, 15 and 18 days after cell injection. Briefly, a radiant heat source was positioned beneath a glass floor and directed at the plantar surface of the hind paw. TWL was defined as the time (in sec) between the delivery of the thermal stimulus and withdrawal of the paw. Three measurements were obtained for each hind paw in each test session. The hind paw was tested alternately at 5-min intervals between consecutive tests. The mean latency of the three measurements per side was used.
Statistical analysis. Data are presented as the mean ± standard error of the mean. For RT-qPCR data, one-way analysis of variance (ANOVA), followed by Dunnett's test, was used to compare differences among the groups. For PWT and TWL tests, two-way ANOVA, followed by Bonferroni correction, was used for the comparison of groups. P<0.05 was considered to indicate statistically significant differences.
Results

MCP-1 and CCR2 expressions levels.
RT-qPCR was used to investigate the expression levels of MCP-1 and CCR2 in the rats at 18 days after Walker 256 cell injection. The results revealed that MCP-1 and CCR2 mRNA expression levels were significantly increased in the M, B and BM groups when compared with those in the S group (P<0.05; Fig. 1 ). In addition, compared with the M and B groups, MCP-1 and CCR2 expression levels were significantly higher in the BM group (P<0.05; Fig. 1 ), indicating that these were highly expressed in MTBP rats. Consistent with the RT-PCR results, western blot analysis revealed that MCP-1 protein expression was significantly higher in the BM group when compared with the S, M and B groups (P<0.05; Fig. 2 ). 
A B
Association of MCP-1 with hyperalgesia. In the present study, an MTBP rat model was established, as observed by the results of PWL and TWL test. It was thus investigated whether MCP-1 was involved in hyperalgesia in MTBP rats by performing intrathecal injection of an anti-MCP-1 antibody on day 15 after Walker 256 cell inoculation. MTBP rats were subjected to PWT and TWL tests, and the results indicated significantly increased values on day 12 after continuous intrathecal administration of morphine for 3 days. However, PWT and TWL values were decreased on day 15, after the rats had received continuous intrathecal administration of morphine for a total of 6 days (i.e. day 18 after cell injection; Fig. 3 ). Furthermore, morphine tolerance was markedly reduced subsequent to the intrathecal administration of anti-MCP-1 antibodies (as was evident by the reduced tolerance to heat and filaments, but not after administration of control IgG (Fig. 3) .
Discussion
Cancer-induced bone pain seriously impairs the quality of life of cancer patients; however, there are currently no effective therapies available for bone pain (29) . In the present study, the mRNA expression levels of MCP-1 and its receptor CCR2 were found to be upregulated in the spinal cord of MTBP rats (BM group). In addition, the blockade of spinal MCP-1 with a neutralizing antibody attenuated mechanical and thermal allodynia in MTBP rats, as was evident from the decreased PWT and TWL values on day 15. These results suggest that MCP-1 may contribute to the initiation and maintenance of morphine tolerance in rats suffering from bone cancer pain.
MCP-1 is mainly expressed in the primary afferent neurons of the spinal cord, and is released from central terminals of primary afferents following nerve injury (15, 30) . The expression levels of MCP-1 have been demonstrated to be increased in the spinal cord in neuropathic pain (15, 30) . Consistent with the observations of these previous studies, the current study identified that the expression of MCP-1 increased in MTBP rats, suggesting that MCP-1 may contribute to the development of morphine tolerance in rats with cancer-induced bone pain. However, it remains unclear how MCP-1 contributes to neuropathic pain. Several studies have indicated that MCP-1 may act at multiple sites to facilitate pain induction, and the mechanisms underlying its action differed in various models of pain (31, 32) . In the present study, MCP-1 was found to contribute to the development of morphine tolerance in rats suffering from cancer-induced bone pain. It is speculated that morphine tolerance in these rats may have resulted from the increase of spinal MCP-1, which is likely to be released from dorsal root ganglion neurons at the dorsal horn of the spinal cord, or secreted from spinal cord neurons and glial cells. Further studies are required to identify the potential underlying mechanism in the future.
Accumulating evidence suggests that CCR2 serves an important role in neuropathic pain (8, 17) . This receptor is expressed in neuronal and glial cells in the spinal cord, and is upregulated in neuropathic pain (33) . In the present study, CCR2 expression was found to be increased in the spinal cord of MTBP rats, suggesting that CCR2 served an important role in morphine tolerance development. In agreement with the present findings, previous studies have reported that CCR2 expression increased in the spinal cord of rats following the inoculation of osteolytic sarcoma cells into the humeri (34, 35) .
Several studies have demonstrated that MCP-1 is implicated in pain facilitation through the activation of spinal microglia in animal models of neuropathic pain (10, 15, 17) . Activated microglia releases a variety of modulators, which contribute to central sensitization; and thereby, enhance pain states (35) . It has also been reported that MCP-1 directly functions on spinal cord neurons and contributes to the central A B sensitization of pain induced by nerve injury (11, 33) . In the present study, MCP-1 and CCR2 expression levels were upregulated in MTBP rats. It is likely that MCP-1 may affect CCR2 expression on microglia, leading to the activation of microglia in the spinal dorsal horn, and eventually central sensitization. Since glial cells and neurons in the spinal cord express MCP-1 and CCR2, it is possible that MCP-1/CCR2 signaling may be involved in morphine tolerance observed in bone cancer pain via crosstalk between these neurons and glial cells. However, the current study did not identify which type of cells upregulated the expression of MCP-1 and CCR2. Further studies are required to examine the spinal cord cell types that express MCP-1 and its receptor CCR2 in MTBP rats.
In conclusion, the present study revealed that the expression levels of MCP-1 and CCR2 were increased in MTBP rats. In addition, the blockade of MCP-1 significantly attenuated mechanical allodynia in MTBP rats, suggesting that spinal MCP-1 and its receptor CCR2 may contribute to morphine tolerance development in MTBP rats with cancer-induced bone pain through the induction of central sensitization.
